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ABSTRACT 
Perhaps the greatest innovation in engineering in the last fifty years, computer 
software has changed the way structural engineers conduct nearly every aspect of their 
daily business. Computer-aided drafting, analysis, and design software are invaluable 
tools for any structural engineering firm. Given the growth, extensive competition, and 
demands of the industry, a firm cannot survive if it does not take advantage of the 
powers and capabilities that modem computer software offer. Computers have 
drastically altered the way engineers communicate with co-workers, clients, architects, 
and construction managers, improving the efficiency of the design delivery system and 
facilitating the conveying of design changes, issues, and concerns between all entities 
involved in a project. 
This software has optimized the structural drafting, analysis, and design 
processes in ways engineers never could have imagined possible half a century ago. 
These innovations not only add up to major savings in construction costs and increased 
profits for all parties involved in a project, but also to more accurate designs, quicker 
design completions, improved organization and sharing of data, and higher productivity 
within the engineering office. 
This thesis examines the applications of computer software in the structural 
engineering industry, its effects both positive and negative, the professional and legal 
responsibility of engineers to use software wisely, methods of checking the results of 
computer analysis and design programs, recent innovations and the future of structural 
engineering computer software, and the importance of educating future structural 
engineers on the use of computer software. An examination of the drafting, structural 
analysis, and design of two complex structures using three-dimensional modeling 
programs is included to illustrate the value and correct use of structural engineering 
computer software. It is the intention of this thesis to highlight the benefits and dangers 
associated with the use of computer software in the structural engineering industry and 
to inspire innovations in the technology and capabilities of such software. 
Thesis Supervisor: Jerome J. Connor 
Title: Professor of Civil and Environmental Engineering 
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Structural engineering, like most fields of engineering and science, has 
developed into an extremely high-tech industry, which relies heavily on the use of 
computers to complete nearly every task within the scope of a project. Innovations in 
structural engineering computer software have revolutionized, enriched, and 
streamlined the engineering process to an extent that computers now play a critical role 
in the efficient and effective functioning of every structural engineering office. The use 
of modem computer software has lead to incredible advantages and breakthroughs in 
the operation of the engineering office including increased productivity, superior and 
more economical designs and design processes, and enhanced organization and 
documentation of design data. The positive impacts of the introduction of computer 
software in structural engineering practice benefits all parties involved in the planning, 
design, and construction of any structure. 
It must be noted, however, that with the capabilities and potentials of computer 
programs come certain disadvantages that curtail their value in the engineering 
business. There is a growing concern that the complete reliance on computer programs 
to solve engineering problems has created several flaws in the structural engineering 
process, namely the abandoning of the fundamentals of engineering theory and 
practice, the incorrect use of software, the use of software by the wrong individuals, and 
the lack of verification of the results of computer run analyses and designs. Since these 
negative impacts can lead to faulty designs and the placing of people in unnecessary 
risk, structural engineers have a professional and legal obligation to make certain that 
any design that they submit in which computers were involved, were completed with 
care and diligence. The implementation of standard methods of checking computer 
results is a wise and essential addition to the structural engineering procedure. 
The best manner of collecting data on the current use and role of computer-aided 
drafting, analysis, and design software in the industry is go straight to the source. 
Therefore, a survey of structural engineering consulting firms was conducted to gain an 
insight into the impacts, both positive and negative, that computers are having in 
engineering practice. The results of the survey are included in the appropriate chapters 
of this thesis in order to compliment the author's research and thoughts about the 
current trends in the use of programs in structural engineering projects. 
Throughout the research process, the author's goal was to gather information on 
current software and their uses in consulting with the intent of shedding light on the 
benefits and problems related to their application. This thesis echoes a call for further 
research on this topic, advancements in computer software, attention to the dangers of 
using programs improperly, and the education of future structural engineers on the 
correct use of computer-aided drafting, analysis, and design programs. 
Cha~ter 1: Survevinq Structural Enqineerinq Consultinq Offices 
The most effective method of gathering information on the role of computer 
software in structural engineering practice is to acquire first-hand knowledge from the 
professionals in the industry. To this end, a survey was conducted of numerous offices 
throughout the United States, with the majority of the offices being in the state of 
Massachusetts. Nineteen off ices participated in the survey. The issues that were 
investigated include: 
1. general information about the offices surveyed 
2. annual company expenditures on software, licenses, and upgrades 
3. the amount of time that structural engineers spend using computer 
software per week 
4. the tasks completed using computer software and who is performing 
those tasks 
5. the specific software being used 
6. the checks performed on the results of computer software 
7. specific problems encountered during the use of computer software 
The survey, which is included in AppendixA of this report, provided much insight into 
the issue of computer usage in the modern structural engineering office. The results of 
the survey topics and the conclusions that were made are included in the appropriate 
chapters of this text. 
1 .I : General Information About the Offices Surveved 
As with any survey, the goal of this research was to gather information from a 
diverse sample of structural engineering firms in order to enrich and compliment the 
author's research, beliefs, praises, and concerns about the current trends in the use of 
computer programs in the industry. In this case, this would mean a 50-50 split between 
large firms and smaller ones. This proved to be quite difficult to achieve since most 
consulting offices lie in the smaller range and it is these firms that are more easily 
accessible. However, this apparent obstacle does not take away from the results of the 
fundamental issues that were addressed. As all structural engineering firms use 
computer software in some capacity, and all firms are designing structures in which 
people live, work, go to school, and entertain themselves, the findings from each of the 
participating firms are equally important. As Figure 1.1 illustrates, the group of offices 
that participated in the survey were still somewhat diverse. As can be seen from the 
diagram, the majority of the firms employed less than 10 people and the second largest 
survey group was offices with over 51 employees. It was very interesting to learn how 
the responses of the smaller and larger firms compared and contrasted on the issues 
being addressed. As Figure 1.2 shows, the types of structures that the sampled off ices 
designed were quite diverse as well. 
Figure 1.1: Distribution of dffice Siles for Survey Sample 
Pwcmtage of Total Sample 
Figure 1.2: Variation in the Types of Structures Designed in Participating Offices 
Since larger firms inherently have more capital to spend on computers, the issue 
of computer software and license costs produced expected results, with larger firms 
spending significantly more than smaller ones. The results, which are illustrated in 
Figure 1.3, conformed to the distribution of office sizes, with the majority of offices 
spending less than $10,000 a year on software and licenses. 
Figure 1.3: Annual Expenditures on New Software, Licenses, and Upgrades 
& J, ' ? 
The diagram given in Figure 1.4 depicts the essence of the importance of the 
issue of computer software usage in structural engineering practice. It clearly shows 
that in the majority of structural engineering consulting offices, a great majority of the 
engineers regularly use computer software in their daily work. This fact is 
complimented by the finding, shown in Figure 1.5, that the structural engineers that are 
using software regularly are spending a significant amount of time on the computer. 
Figure 1.4: Percentage of Structural Engineers that Regularly Use Computer 
Software 
Figure 1.5: Average Number of Hours Spent by Structural Engineers Using 
Computer Software 
Therefore, it is clear that a study of the current trends in the use of computer programs 
in the structural engineering industry is valuable and extremely important in order to 
address the role that computers play in the workplace, the benefits, and key concerns. 
Chapter 2: Ca~abilities, Uses, and Advantaqes of Structural 
Enqineerinq Computer Software 
The capacities and potentials of computer programs make them an incredible 
asset for any structural engineering firm. Computers and the software that has been 
developed for the structural engineering industry have changed the way engineers do 
their work. The applications of computer use in the industry seem to be infinite. 
Computers can be used in every stage of the structural engineering process, from the 
drafting of proposals and construction drawings, to the structural analysis and design of 
all types of projects. Despite the high cost of most programs, the power and flexibility 
that they offer give them numerous advantages that clearly outweigh any of their 
disadvantages. These advantages not only relate to engineering as a science, but also 
to engineering as a business. The major benefits of the use of computer software in 
structural engineering practice are the following: [ I ]  
1. higher productivity 
2. increased accuracy of analysis and design procedures 
3. design optimization 
4. more economical designs 
5. improved record keeping 
6. file sharing 
7. automation of calculations 
8. running of complex calculations and analysis 
9. accurate modeling of complex structures 
2.1 : Draftinq Software 
The powers of the drafting software currently being used by structural engineers 
are magnificent. Simple drafting programs with solely two dimensional capabilities have 
given way to more powerful programs that enable three dimensional modeling and 
rendering, clearly changing the way engineers communicate their designs to clients, 
architects, and construction managers. Given the growing competition and the 
demands of the industry, the modern structural engineering office cannot function or 
survive without the aid of drafting software. Drafting programs have revolutionized the 
way in which construction documents are prepared and delivered to clients, architects, 
and construction managers. 
Discussion of the use of computer programs for drafting and the preparation of 
construction drawings highlights several additional advantages of computer software. 
The days of drafting tables, straight edges, compasses, and protractors are in the past. 
With the ease, efficiency, and convenience of drafting software such as AutoCAD and 
Microstation, one would likely be hard pressed to find engineering firms that have not 
jumped on the CAD bandwagon. Innovations in computer software have made it 
possible for drafters to complete structural framing plans, sections, details, and beam 
and column schedules in a fraction of the time hand drafting would require, rendering a 
very tedious and time-consuming art form obsolete. Each new version of a particular 
program offers new features that make preparation of structural drawings easier. One 
of the greatest benefits of drafting software is the ability to easily reproduce drawings for 
use in different projects. For example, sections and details that are typical of many 
structures can be saved in a database for future use. In this way, time is saved by 
eliminating the need to produce drawings that have already been used on previous 
projects. Even modifications to existing drawings are easily accomplished. 
In addition, structural drawings compiled using computer programs are more 
accurate and professional than those done by hand. Computers have done away with 
the need for erasers. Lines are crisper and cleaner and the graphics provided by the 
computer make any drawing more appealing and easier on the eyes. After all, clarity is 
the goal of drafting and the preparation of design documents. 
2.2: Analysis and Desiqn Software 
Computer-Aided Analysis and Design as it applies to structural engineering, is 
the use of computer software to evaluate the strength and performance of structural 
members and systems and to dimension them in such a way that they can resist the 
loads that they are expected to carry. It includes the modeling, simulation, validation, 
and optimization of structural systems. When used to solve structural engineering 
problems, computers are used for stress analysis on components and structural 
systems using static analysis, dynamic analysis, Finite Element Analysis, thermal and 
fluid flow analysis, and tools for simulating the operations involved in casting, molding, 
and die press forming. [2] 
Computer-Aided Structural Engineering tasks contain four phases: pre- 
processing, analysis, post-processing, and design. In the pre-processing phase, the 
engineer defines the model, either in two dimensions or three, the environmental 
factors, i.e. temperature, wind, earthquakes, etc.. ., and all other loads to be resisted by 
the member or structural system to be analyzed, i.e. dead and live vertical loads. In 
addition, each member is assigned an initial geometry and properties. In the analysis 
stage, the program solves the problem at hand in order to determine the strength 
required of each member given the information that was entered into the program in the 
previous phase. In the post-processing phase, the computer program delivers the 
results of the analysis, which the engineer can read using built in visualization tools or 
data files. Finally, in the design phase, the software compares the strength required of 
each member to the strength provided by the member assigned in the pre-processing 
phase. Many programs also perform automatic code checks to determine that 
serviceability and safety requirements are met by the current arrangement of structural 
members. This process is illustrated in Figure 2.1. The diagram also demonstrates that 
design optimization makes the structural engineering process iterative. [2] 
Anahis 
amputer Runs PI 
Figure 2.1: Phases in the Use of Structural Engineering Analysis and Design 
Software 
Structural engineering analysis and design programs provide the most accurate 
analysis of a structure possible. Using such software, engineers can model a complete 
structure, including every member and every load combination that design and building 
codes require. Using the appropriate computer programs, engineers can determine 
how an entire structure behaves under a given loading and how each member functions 
as part of a whole system. The pain-staking and very complex task of analyzing 
indeterminant structures has been eliminated by the technology of modem computer 
software. Complete structures subjected to an envelope of numerous loads can be 
analyzed in seconds rather than days or weeks. 
This is most important when it comes to lateral and dynamic loads, i.e. wind and 
earthquakes. For example, hand calculations to analyze a structure for dynamic loads 
involve simplifying it in a way that make the calculations possible. One common way is 
to model each floor as a single, lumped mass and applying the appropriate loads to 
each simplified mass. This simplification, although necessary in order to make manual 
calculations possible, reduces a system with infinite degrees of freedom of movement, 
to one with significantly less. Although acceptable in some cases, this sort of analysis is 
clearly not as accurate as one done by modern computer software. When programs are 
utilized, a more accurate analysis and design results. 
A revolution similar to that of drafting programs has occurred in the realm of 
structural analysis and design software. Analysis and design programs have been 
developed for specific and limited uses, such as the analysis andlor design of individual 
members, i.e. columns, beams, slabs, etc ... Other programs have more widespread 
applications, such as the analysis andlor design of complete three-dimensional 
structural systems. Finite Element Analysis programs have further added to the powers 
and applications of computer software and the ability of structural engineers to analyze 
any structural type that confronts them. Surely, for nearly any problem that a structural 
engineer is faced with, there is a program that can deliver a solution in a fraction of the 
time that it would have taken engineers before the computer age. 
The structural engineers of today will find much use in all types of programs. The 
implementation of computer software in the design of a structure leads to a more 
efficient design process. The computer has the ability to streamline the work that 
engineers do and integrate every task into a single, smooth process that makes the best 
use of resources, time, and personnel. For example, structural framing plans and 
analysis models can be obtained from a single drawing. In addition, as drawing a 
complete structural model may take considerable time, progress on a project does not 
have to be halted until the model's completion. In the case of building design, simple 
structural member design programs can be implemented to design beams, columns, 
and slabs, while 30 structural model programs can be utilized to analyze and design the 
more complex foundation and lateral force resisting systems. 
Most drafting, analysis, and design programs are quite flexible and lend 
themselves to changes of designs, both architectural and structural. Movement of 
members and changes to their geometry and orientation is accomplished, with most 
programs, by simple commands. This adaptability allows engineers to easily modify 
structural models when changes are made to the architecture of the structure or when 
any design issues require alteration of the structural system being used. Modifications 
can be made to models to "play with the structure" and find a better solution, leading to 
more optimal designs. More optimal designs may ultimately allow for significant savings 
in construction costs. 
2.3: Orqanization and Documentation of Desiqn Data 
The organizational and documentation capabilities of computers are 
extraordinary. Computer servers and networks have facilitated record keeping and 
sharing of information between engineers and drafters. Typewriters, slide projectors, 
and overhead projectors have become extremely outdated and have been replaced by 
more efficient and technologically advanced word processors and presentation software 
such as Microsoft Word and Microsoft PowerPoint. Spreadsheets and other calculation 
software have improved the accuracy, preparation, quality, and appearance of design 
reports and documentation. What is likely the greatest benefit of such software is the 
ability to easily edit, format, and reproduce documents. 
2.4: Uses in Consulting Offices 
Fortunately, the survey that was conducted as part of the research for this paper 
concluded that the structural engineering offices that were polled are taking great 
advantage of the uses of computers. Figure 2.2 illustrates the different tasks that are 
involved in the design of most structures and the percentage of the offices surveyed that 
use computers for each task. Implementation of computer software into each of these 
tasks and others that the engineer can imagine can drastically improve the productivity 
of the office and lead to savings in company costs, construction costs, and construction 
times. Clearly, increased productivity will also lead to the development of long standing 
relationships with clients and architects as well as the acquiring of new clients. 
Tasks 
Figure 2.2: Tasks Completed Using Computer Software 
Figure 2.3 illustrates the capabilities and uses of computer programs in the five 
main stages of any structural engineering project: drafting, analysis, design, 
documentation, and presentation. It is not an exhaustive list and surely, the innovative 
and creative structural engineer will discover countless more uses. 
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Figure 2.3: Uses of Computer Software in Structural Engineering Practice 
2.5: Current Software Available for Structural Enqineers 
The number of software manufacturers and the programs that they produce is 
immense. For nearly any structural engineering problem that professionals face today, 
there is a program that can assist them. Whether it is a program that is geared towards 
a specific structure type or a general analysis and design software, the computer sawy 
engineer will find great use in the tools and features that modern programs offer. Table 
2.1 is a list of several software manufacturers and their programs that are of great use 
in structural engineering, including their uses and special features. 
Modeling 
'-pabilitit 
Types of 
Structure: 
Members 
Functions 
Capabilitier 
mte Steel Timber Cor 
Features 
- 
Acronym 2D & 3D Buildings Analysis, Deign, and 
Software, Inc. Optimization 
X 
RC and PT 
3D FG!dez Analysis and Design X Pro 
Systems 
Adapt PT Beams, 
Corporation ADAPT-PT 3D Slabs, and Floor Analysis and Design X Systems 
RC Beams, 
ADAPT-RC 3D Slabs, and Floor Analysis and Design X 
I I I I I systems 
Automatic selection of lightest member 
from database; 32-bit graphical interface; 
Design for ASD, LRFD, LSD; Design 
controlled by stresses or deflections 
3D Finite Element Analysis; Capable of 
Modeling all openings, cutouts, beams, 
walls, columns, drop caps and drop 
panels; Integrated with AutoCAD, 
Staad.Pro, and ETABS; Modeling 
Capabilities allow arbitrary location of 
tendons of different shapes 
One-way or two-way systems; Allows 
flexibility in the selection of member 
geometry; Capable of modeling drop caps 
drop panels, steps above and below, 
transverse beams and non-prismatic 
sections; Results also provide required 
normal steel reinforcement; Allows 
Equivalent Frame Modeling 
One-way or two-way systems; Allows T, L 
and I shaped beams; Capacityldemand 
analysis for investigation of existing 
systems; Allows analysis of cracked-cross 
section for calculation of deflections; 
Allows Equivalent Frame Modeling 
Linked to STRAP for detailing; Capable of 
Analysis, Design, modeling beams with varying cross- 
BEAMD 20 Beams Detailing, Drafting, X section, support settlement, beams on 
and Scheduling elastic supports, and torsion; Automatic 
ATlR detailing and scheduling 
Engineering Includes advanced analysis features, suck 
Software as axially loaded beams, unidirectional 
STRAP 2D&3D Any Analysis and Design X X of structures during construction stages springs, P - Delta effects; Allows analysis 
I I with a single file; Allows compound and custom sectioq- 
-
Advanced conceptual design environmenl 
that allows interact with the model and 
comparison of design alternatives; 
Drafting, 3D Advanced visualization tools, such as 
AutoCAD 2D & 3D Rendering, 3D Wire- X X X walkthroughs and realistic rendering; 
frames Automatic creation of construction 
documents from a design model; Allows 
importation of models to analysis and 
Autodesk, Inc. design software 
Bidirectional linkage to analysis and 
design software; Creates a single building 
Drafting, 3D database that is used for drafting, 
Revit Structure 2D & 3D Rendering, 3D Wire- X documentation, analysis, and design; 
frames Improves efficiency, accuracy, consistency, flexibility, and coordination 
between structural engineers, MEP 
engineers, and architects 
Table 2.1: Computer Software for Structural Engineers 
Modeling 
tapabilities Structures/ Members 
Materii 
:oncrett 
Features 
Highly sophisticated 2D and 3D modeling 
capabilities including a patented 
keyboarding mapping to increase 
efficiency and speed; Advanced 
management and organization tools allow 
users to easily access project information 
and create links between different 
projects; Highly sophisticated renderings 
and animations of designs with an 
interactive 3D model 
Drafting, 3D 
Rendering, 3D Wire- 
frames 
Bentley 
Systems, Inc. 
AutoCAD based modeling exclusively for 
structural engineering; Allows creation of 
3D models from standard or custom 
sections; Automatically produces and 
updates 2D framing plans, sections, 
details, etc ... from 3D model; Integrated 
with analysis and design software 
Drafting and 3D 
Modeling 
Integrated with drafting software; Analysis 
and design of complex systems including 
Fastrak 2D & 3D 
Orion 2D & 3D 
Civil and 
Structural 
Computing 
Ltd. 
Analysis and Design 1 X I X I X 1 inclined beams, r&f structures, diaphragms, plated beams, beams with Buildings 
web openings, and bracings; Highly 
developed connection designer 
Requires only a single model for all three 
tasks; Changes to the central model are 
automatically reflected in the analysis, 
design, and detailing; Automatically 
produces framing plans, details, sections, 
elevations, reinforcing schedules, and 
detailed calculations; Compatible with 
many drafting programs 
Drafting. Analysis. 
and Design Buildings 
ETABS 2D&3D 
Uses a single graphical interface for mode 
creation, modification, analysis, design, 
optimization, and review of results; 
Extensive library of elements, templates, 
member shapes, and loads; Advanced 
Buildings Analysis and Design static and dynamic, linear and non-linear analysis; Allows full interaction for the 
design of concrete and steel frames, 
composite beams, and shear walls; 
Integrated with drafting software for mode 
importation and exportation; Superior 
visualization tools 
Based on the Finite Element Method; 
Allows modeling of slabs or mats of 
arbitrary shapes and varying thickness, 
drop panels, openings, edge beams, and 
discontinuities; Capable of modeling 
foundations as a combination of mats, 
strip footings, and isolated spread 
footings; Fully integrated with ETABS; 
Advanced graphical user interface and 
displays of models and results; 
Customized detailing of design results 
Computers 
and 
Structures, 
Inc. Foundations 8 
Slabs Analysis and Design 
L 
Features similar to those of ETABS; 
Advanced analysis and design of bridges 
including automated bridge live load 
analysis and design, bridge base isolatior 
bridge construction sequence analysis, 
large deformation cable supported bridge 
analysis and pushover analysis 
Buildings & 
Bridges Analysis and Design 
Table 2.1 (Continued) 
Name of Modeling Tyw o' "laterial Capab~l i t~e? 
^ ~pabilitir - StruCtured Functions 
Features 
Members icrete Steel T~mber  
Allows analysis of stanaara secaons 
chosen from an extensive database or 
custom sections, including composite 
sections of arbiirary shapes; Creation and 
unlimited number of load combinations 
load factors, reaction to moving loads, 
advanced load combinations, load and 
stress distribution during different rznz 2D&3D Any Analysis and Design X X construction phases, and behavior under dynamic loads; Non-linear analysis o 
tension, compression, and spring 
members; Includes libraries of standard 
sections and templates for common 
Mubal structural types 
Engineering 
SoRware Finite Element Analysis; Allows calculatiol 
of deformations, stresses, support 
reactions, and contact pressures; 1st and 
2nd order analysis of shells, beams, and 1 Plates, Shells, A 2D&3D Solids, and Analpisand Design X X solids; 3rd order analysis of cables and members with large deformations; Beams lncludes an extensive database of materials and cross-sections, as well as a wizard that automatically creates Finite Element meshes based user inputs 
rEgia&", ' GT STRUDL 2D & 3D 
VisualAnalysk 
Advanced Suite 2D 3D I I 
Engineering 
Software, Inc. 
Mats, Plates, 
Shear Wall 
Systems, Gradc 
Beams, Circula~ 
Tanks, and 
Continuous 
Beams 
Analysis and Design 
Analysis 
Analysis 
Table 2.1 (Continued) 
Advanced analysis capabilities, including 
Finite Element and non-linear; lncludes an 
X extensive library of member and Finite Element types, mesh generator, and 
templates for common structures; Allows 
either graphical or text modeling 
Allows modeling of beams, trusses, plates 
shells, and cables; Includes an extensive 
library of member shapes and materiils 
and allows creation of custom materials; 
Advanced static and dynamic analysis anc 
superposition of results 
Advanced analysis including Finite 
Element; Includes an extensive library of 
member shapes and materials; Performs 
automatic input validation checks Allows 
maximum flexibility in defining structural 
members 
Material Capabiliti 
oncrete Steel 
Manufacturer Name of Program 
Modeling 
zapabilities 
. "UGU U S  
ctured 
Members 
Functions Features 
Calculates properties for user defined 
sections including, dimensions, moments 
of inertia, areas, section modulus, radius 
of gyration, and much more; Sophisticate 
analysis of stress distribution, cracked Rc 
sections, combined stresses, torsion, 
warping, etc ... 
Handles an unlimited number of in-plane 
forces; Checks walls for all code 
requirements for reinforcement; lncludes 
checks for seismic loads; Produces 
advanced design and check reports 
Quick Shear Walls Analysis, Design, and Integrated ConcerteWall 2D Code Checks 
Engineering 
Software, Inc. 
Performs design and code checks for 
isolated spread footings under a single 
column; Handles bi-axial bending and 
performs strength and stability checks 
including. flexure, punching shear, 
bearing, overturning, sliding, and uplift 
Allows up to 10 span continuous beams 
and 10 story columns under numerous 
types of loadings; lncludes an extensive 
library of member shapes of various 
materials 
VisualABC 2D & 3D Bgz:d Analysis and Design X 
Robot 
Millennium Any Analysis and Design X 
Any 
Modeling and 
Drafting X 
Advanced analysis tools including Finite 
Element, non-linear, and dynamic 
analysis; Fully integrated with Autodesk's 
X Revit Structure; Designs for 40 different 
codes and allows use in 15 different 
languages; Permits designs in various 
materials for a sinale ~roiect 
Integrated 1- - . -  Fully integrated with Robot Millennium; 
Fully integrated with AutoCAD and 
Architectural Desktop; lncludes many 
Structural 
Software, ~nc. RCAD- Reinforcement templates for easy detailing and 
Fully integrated with Robot Millennium; 
Fully integrated with AutoCAD and 
Architectural Desktop; lncludes many 
templates for easy detailing and 
Any Modeling and Drafting 
Finite Element Analysis; Highly 
sophisticated tools capable of handling 
staged construction and tirne-dependent 
analysis; Allows advanced modeling of 
segmental and curved bridges; Capable 01 
advanced analysis scenarios including 
pushover, collapse, timedependent 
material properties, structure and load 
changes during construction, seismic, and 
inelastic behavior 
LARSA, lnc. Larsa 2000140 Analysis Buildings and Bridges X 
Handles torsion ana moment 
redistribution; Produces reinforcement 
schedules and output tables and allows 
graphical visualization of results; Allows 
flexibility in the selection of reinforcement 
by switching betvuwn the design to the 
investbation modes 
Beams and One Analysis. Design, and 
w a y s a s  / nvestigatibn I 
Portland 
Association 
modeling of surface and lateral loads; 
Enables graphical assignments of 
members, joint properties, loads, etc ... 
through easy to use interface 
Any Graphical Model Generator 
Table 2.1 (Continued) 
Manufacturer Name of Program 
Types of "laterial Capabilities 
~ ~ ~ ~ ~ l ~ ~ s  Structured Functions Features 
Members Concrete Steel Timber 
I --- _I 
Table 2.1 (Continued) 
 lows rectangular, rouna, or Irregular 
shaped columns; Enables flexibility to 
choose any reinforcement arrangement; 
PCAcolumn 2D Columns X Handle slenderness effects; Capable of Analysis, Design, and Investigation modeling sections defined by 100 points, 
openings within sections defined by 100 
points, and 500 reinforcing bars 
Handles practically unlimited number of 
joints, members, loads, load cases, load 
combinations, etc.. .; Automatically checks 
Frame and PCAframe 2D & 3D Truss Systems Analysis X for modeling errors, inconsistencies, and stability; Models 2nd order effects for 
tension and compression members, spring 
Portland supports, and rigid diaphragms 
Cement - 
Association Mat Based on the Plate Bending Theory and 
Foundations, the Finite Element Method; Handles 
PCAmats 2D & 3D Combined Analysii X varying material properties from one 
Footings, and element to the other; Models soil as series 
Slabs on Grade of compression springs 
Includes all of the features of PCAbeam; One-Way Slabs, 
PCAslab 2D & 3D Two-way Slabs, Investigation and X 
Includes torsion effects, drop panels, 
and Beams column capitals, transverse beams, longitudinal beams, and waffle slabs 
Handles unlimited numbers of openings Walls, Tilt-Up 
PCAwall 2D Walls, & Analysis and Design X and stiffeners; Advanced analysis based on the Finite Element Method, including Precast Panels 2nd order effects 
L 
R*U 
l l l tWtl&i~~l  
. - -  
RAM Advance 
RAM 
CADStudio 
RAM Concept 
RAM 
RAM Perform 
20,3D, 
&Collapse 
RAM Structural 
system 
1 
2D & 3D 
2D & 3D 
2D & 3D 
20 & 3D 
2D&3D 
2D & 3D 
1 
Buildings 
Buildings 
Ma~ys";*m~OOr 
Connections 
Buildings and 
arStructures 
I 
I 
Anaiysisand Design 
Drafting 
Analys'iand Design 
Analysis and Design 
4 
A"alysi 
Dram, An.w is  
and Desgn 
I 
X 
X 
X 
X 
x 
1 
X 
X 
X 
X 
x 
1 1  
X 
X 
Advanced Finite Element Analysis; 
Inclucks extensive library of customizable 
template and members; Capable of 
-lyzing Roors, elastic tsreionmlymembersl foundations, thermal rlpd loads, 
Pdelta effects, and response to dynamic 
loads; Allows interactive designs and 
optimization 
Fully integrated with other RAM software; 
Automatically produces framing plans, 
elevattions, andschedules; Automatically 
updates to changes in the analytical 
model; Creates accurate 3D rendering 
Allows post-tensioned, reinforced, and 
hybrid concrete systems; Models One-way 
and two-way slabs, pan p i ,  warns, 
beams, girders, steps, and openings; 
Advanced analysis and design for 
bending, shear, torsion, punching shear, 
service stress, etc.. . 
Capable of handling a variety of 
connections including, bearncolumn, 
bearngirder, beam-beam, columncolumn, 
and brackets; lncludes customizable 
database of connections 
Linear and non-linear performance based 
design under static and dynamic loading; 
Capable of progressive collapse analysis; 
Allows accurate modeling of dampers 
Allows quick comparisons of different 
structural designs for conceptual design; 
Automatically produces framing plans, 
elevations, beam and column schedules, 
and foundation plans; Allows advanced 
I entire buildings modeling, drafting, analysis, and design of I 
Manufacturer Name Of Model'r Program d a p a b i l ~ t , ~ ~  ~cturesl 1 Functions Features Members - C ! Steel Ti1 !r 
--- I 
Table 2.1 (Continued) 
Calculates section properties of custom 
sections including, Area, Moment of 
Inertia, Plastic moduli, Section modulus, 
Center of Gravity, etc ...; Fully integrated 
with STAAD.Pro 
Fully integrated with STAAD.Pro; 
Produces accurate 3D renderings and 
reports of analyses and designs; 
Advanced graphical interface allows 
visualization of deflected shapes, stress 
distributions, reinforcement arrangements, 
and force diagrams 
Advanced static, dynamic, P-delta, non- 
linear, buckling, and cable analysis; Allow: 
automatic generation of wind, area, floor, 
X and moving loads; Capable of analyzing 
various construction stages in a single run 
Also performs Finite Element Analysis of 
~lates and solids 
Allows both graphical and numerical 
visualization of results; Contains extensive 
templates for the quick generation of grids 
disks, cylinders, cones, arcs, trusses, 
tanks, and a variety of load types; 
Advanced analysis tools including, static, 
P-delta, dynamic and response spectra, 
buckling, Finite Element etc ... 
Includes all of the advanced features of 
RISA-2D; Automatic wind and seismic 
load generator; Accurate renderings of 
structural models for improved 
visualization; Handles flexible diaphragms 
plane stress plates, and thermal loads 
Bi-axial Finite Element Analysis; Handles 
several arrangements of column base 
lplate ~ o n n e ~ o n s  
l~u l ly  integrated with RISA-3D; Allows 
graphicxior spreadsheet modeling of 
members and loads; Automatically 
X generates framing plans; Designs floor 
systems, including beams and columns; 
Automatically generates wind and seismic 
loads 
Handles bi-axial behavior and designs for 
sliding, overturning, bearing, and all 
reinforcement requirements; Calculates 
the optimum footing length, width, and 
thickness given the applied loads; 
Produces sections detailing the 
larrangement of reinforcement 
I 
Handles 3 and 4 sided guyed towers, 3 
and 4 sided self-supporting towers, and 
either round or tapered ground mounted 
poles with or without guys; Allows linear 
and non-linear analysis; Advanced 
graphical display of results including 
material take-off, shear-moment, leg 
compression, displacement, twist, feed 
line, guy anchor, and stress plots 
Name of 
Program 
Types of 
Structures1 
Members 
' later~al  Capabilitie? 
Features 
icrete Steel T ~ m l  
Table 2.1 (Continued) 
Allows static lint P-Detta, non-linear, 
spectral seismic, time-history seismic, time 
history dynamic, and Finite Element 
SAFl3D 2D &3D Analysis X X analysis; Handles geometric non-linearity 
and automatically corrects loads and 
member stiffnesses; Contains an 
extensive library of members and trusses 
SAFI Quality 
Software, Inc. Fully integrated with SAFl 30; Includes design optimization and automatic section 
X selection; Allows graphical or spreadsheet SAFl Steel 2D & 3D Any Analysis and Design modeling; Capable of linear, Pdelta, non- 
linear, seismic, dynamic, or moving load 
analysis 
Features similar to SAFl Steel; Allows 
SAFl Concrete 2D & 3D Any Analysis and Design X design of square, rectangular, strip and 
---- 
Analysis; Handles static, dynamic, 
transient, and heat transfer analysis; 
Strand7 Pty Strand7 2D & 3D Any Analysis X Ltd. 
I 
Tekla, Inc. Tekla Structures 
-- 
3D Buildings 
Drafting, Detailing, 
Analysis, Design, and 
Project Management 
X X X 
Handles the entire structural engineering 
process including, conceptual design, 
detailing, fabrkation, and construction; 
Enables integration and collaboration in 
the work of users of diierent industries 
throughout the different phases of a 
project; Allows advanced, accurate 3D 
modeling; Incorporates STAAD.Pro in its 
analysis and design features 
Chapter 3: Disadvantaqes of Structural Engineerinq Computer 
Software 
Despite all of the wonderful capabilities of structural engineering computer 
software, several disadvantages limit there effectiveness in the industry and cloud the 
many benefits that they offer to today's structural engineers. Although it may be true 
that many of the awe-inspiring, extraordinary structures that line the world's great city 
streets and span across the world's most beautiful landscapes may not exist were it not 
for the design and analysis programs on the market today, engineers must take warning 
that detachment from the fundamentals of structural engineering is a dangerous mistake 
that may someday lead to the failure of such structures. Computer technology has its 
many advantages, but complete reliance and trust in their results must be avoided. 
Upon study of the many software packages available and the power of their 
analysis and design tools, one must wonder if engineers are really the ones that are 
"engineering" structures, or if they are simply letting computers do all of the work. The 
most frightening thing of all is how simple most programs are to use. So simple, that 
they do not require an engineering degree or much engineering knowledge to operate. 
Modeling a structure is as easy as drawing lines and surfaces representing each 
member. Defining loads can be done as easily, without knowledge of their accuracy. 
Current programs do not have the technology to check whether the applied loads make 
any sense at all. It is feared that this may be occurring all too often in today's 
engineering firms. Fortunately, the structural engineering consulting offices that were 
surveyed maintain that engineers, whether senior-level or junior-level, are in fact the 
employees that are responsible for using analysis and design software. In addition, 
there is the fear that the results of programs are not being adequately verified. Surely, 
even the best structural engineers may fail to check the outputs of programs because of 
their workload, the pressures to meet deadlines, and the need to please clients and 
architects in the competitive industry in which they work. 
There is also a concern that the use of computer software may be fostering the 
abandoning of the fundamentals and principles of structural engineering mechanics, 
material behavior, analysis, and design. This is a dangerous path because the 
computer is and always will be simply a machine, and therefore, should only be used as 
a tool to assist engineers in solving complex problems. [I] Ultimately, It is the structural 
engineer's professional and legal responsibility to ensure that the designs that they 
submit for construction will produce safe structures. This highlights the importance of 
conceptual design, the process during which the structural engineer envisions and 
develops the theory behind the structural system. This involves the selection of a floor 
framing scheme, a lateral force resisting system, a foundation plan, and all other 
systems that comprise the complete structure. Clearly, this is a human task and it has 
not been shown that a computer is capable of the thought process required to devise a 
structural system. [I]  The survey of consulting structural engineering offices 
demonstrated this abandoning of conceptual design. As Figure 3.1 shows, the majority 
of the offices sulveyed stated that they dedicate moderate or less effort to conceptual 
design. Clearly, for many structural engineers, it may be tempting to avoid the essence 
of the engineering task and leap directly into computer modeling, analysis, and design 
before truly thinking about the problem at hand. 
10 (Substantial Effort) 
21 .l% 
1 (Very Little Effort) 
0.0% 2 
< 5.3% 
Figure 3. I :  Effort Spent on Conceptual Design Before Using Computer Software 
These concerns are ones that must not be taken lightly. Whether all of the 
before mentioned errors in the use of computer software are widespread in the 
structural engineering industry is not truly known, as the sample size of the sunrey was 
limited. What is certain is that those firms that do not use drafting, analysis, and design 
software wisely and with the knowledge that even the best programs, programmers, and 
modelers make mistakes, may be putting the public in danger by submitting erroneous 
designs for structures whose failures could have drastic effects. It is the intention of the 
author, that this thesis elicits a response from current structural engineers and city 
building department officials and promotes the verification of the results of analysis and 
design programs. 
Cha~ter 4: Effects on the Relationshi~s Between Structural 
Enaineers. Architects. and Construction Manaqers 
Structural engineering computer software has also been quite advantageous in 
changing the way structural engineers communicate with architects and construction 
managers. Meetings with architects and construction site visits, although often a much 
needed break from the stresses of the office, are more often then not a burden on all 
parties and an inefficient use of the work day. Clearly, computers have become an 
essential link between the many entities involved in a construction project. 
Architectural changes to structures are one of the greatest challenges that 
structural engineers face in their work, especially when made well into the project's 
design. Although still tedious and burdensome, modifications to the drafting and design 
calculations are much easier when computers are involved. What is more, the time in 
which engineers acquire such changes has been greatly decreased. The internet has 
done away with costly courier services and unnecessary personal visits by the architect 
to deliver each change to the engineer. 
Telephone communications between engineers and architects about the 
progress of the work done by both sides now have a visual aspect that was quite limited 
before the introduction of the computer into the industry. Engineers can explain design 
issues to architects as they view recently completed computer drawn figures from the 
comfort of their own offices. 
With most engineering projects, especially larger ones, the structural engineer's 
job is not complete until the last structural member is in place. Circumstances that arise 
throughout the construction process often require structural design changes and 
alterations. Computer sketches detailing the changes can be sent directly to the onsite 
foreman, who can view the sketches on hidher onsite computer and immediately take 
action and begin to resolve the issues at hand. Therefore, computers have clearly 
established a much-needed link between structural engineers and the crews that build 
the structures that they design. 
The accuracy of computer generated structural drawings has the effect of 
allowing more accuracy in the construction of structures. Information obtained from 
GPS systems and site investigations can be imported into computer programs to 
achieve exact dimensioning on site plans using the computer software's tools. Exact 
dimensioning of framing plans and details is done with much ease and ensures that the 
construction crew has the information needed to complete the job correctly. 3D 
modeling can be used to illustrate in realistic views what it is that the construction crew 
is creating and to better communicate any design issues that may complicate 
construction. These 3D renderings of structures make it easier for everybody involved 
to visualize how each element will be brought together to from a whole structure. 
Cha~ter 5: Professional and Leaal Res~onsibilitv of the Structural 
Enaineer 
In the extremely demanding industry in which engineers find themselves today, it 
is computer technology that makes it possible for structural engineers to meet their 
client's needs and desires for less costly, more dramatic and extraordinary, and higher 
quality structures with tighter project deadlines. Given the amazing benefits that 
computer software has for the structural engineering consulting off ice, it may be difficult 
to realize that with this power come risks and the responsibility of the engineer to limit 
those risks. Clearly, with every project there is a certain degree of risk of failure. 
Regardless of the degree, however, computer technology can never eliminate the 
prospect of a structural collapse. In fact, it has been proposed that the age of computer 
technology has brought with it additional kinds of failure, which engineers never had to 
deal with before hand. Failure in this sense is not limited to structural failure, but also 
includes delays in project completions, inaccurate and defective designs, increases in 
costs, and other forms of failure. Therefore, it is clear that structural engineers must not 
be blind sighted by the apparent flawlessness and omnipotent powers of computers, 
and thus must exercise due care to verify that the results of programs are consistent 
with the fundamentals of structural engineering mechanics, analysis, and design. 
Engineers not only have the professional and ethical responsibility to ensure the safety 
of the structures that they design, but also legal responsibilities that have great impacts 
on the engineering business. The common warning call tells that computers must not 
be thought of as "little black boxes" that give us the answers to our engineering 
problems. It is pivotal that structural engineers understand what is going on within the 
"little black box," to not rely solely on computer technology to do their work, and to view 
computer software as an engineering tool, not an answer. [3] 
Professionalism and ethics requires that engineers perform their duties to the 
best of their abilities in accordance with their client's needs and wishes, design 
structures that will be useable for a given lifetime, and above all else, guarantee that 
those people who will eventually inhabit and use the structures will be safe and feel safe 
under reasonably determined loading conditions. A strong structural engineering 
background and experience is essential for the practicing engineer. The major problem 
with the boom in computer software technology is that although the software industry 
markets its products to consulting engineering firms, those who are designing this 
software are not necessarily consultants or are not receiving enough input from 
practicing engineers. This environment fosters a system in which professional 
engineers are relying on the results of software that are created by people that may 
have less technical knowledge then themselves. This is a dangerous situation that 
illustrates one of the major problems with the modern structural engineering industry, in 
which the rush to meet deadlines and save money may result in a lower quality product. 
[41 
Due to the demands of the industry and possible carelessness on the part of 
engineers, the two most critical phases of the computer analysis and design tasks are 
either ignored or given little attention. These phases are realistic modeling and 
verification of the results. Although modern computer technology has improved the 
modeling capabilities of software, that is not to say that the programs are being used 
correctly, or that structures are being modeled as they should be, i.e. as close 
representations of how the structure will actually be constructed. The accurate and 
realistic modeling of structures is a very complex task and requires technical and 
theoretical abilities and experience with computer analysis and structural design. It is 
important to note that verification of the structural model and the input data is as 
important as checking that the results are accurate. For example, errors in the applied 
loads or joint and support conditions may result in stress distributions that are not 
representative of the structure that will actually be constructed. The subsequent check 
of the output data is crucial in any project in which computers are involved. As the 
chapter that follows indicates, the checking of the input and output data may be done in 
several ways. Whether done by checking each line of input and output data or simply 
checking random lines, some sort of verification is necessary to ensure that validity of 
structural models. [4] 
Unfortunately for structural engineers, the law is currently favorable to the 
manufacturers of computer software, and therefore engineers must be extremely 
cautious when using computer programs in their work. The last few decades have seen 
a myriad of court cases involving defective designs andlor failures in several fields of 
engineering, in which the engineers sought recourse against software manufacturers. 
In cases in which the owner of a structure files a lawsuit against the engineer of record 
after a collapse or other fault in the design, the engineer's liability depends on whether 
he or she is guilty of professional negligence. As may be expected, given the extensive 
disclaimers and limitation of liability agreements attached to all software packages, an 
engineer's claims that he or she employed a professional standard of care when relying 
on the results of the software and that he or she performed adequate and acceptable 
checks on the results, has not freed engineers from liability. Some of the theories that 
have been used to discredit the claims made by engineers include, incorrect computer 
modeling, misuse of the program, use of the wrong program for the given project, and 
negligence. [3] 
Accordingly, the following recommendations have been made for engineers to 
protect themselves against lawsuits arising from the use of computer software: [3] 
1. Engineers should use popular computer software with established 
records of accomplishment. 
2. Engineers should form user groups and collaborate with each other to 
communicate the problems, limitations, and other issues dealing with 
computer software. 
3. Engineers must fully learn how to operate the programs that they own 
and understand the program's applications, limitations, and the 
assumptions made when creating them. 
4. Engineers must check the results of the software, as well as the 
models that they create, to ensure that they are accurate 
representations of the real structure. 
The survey of consulting structural engineering offices concluded that offices might not 
be verifying the results of the programs that they use adequately. According to the 
responses given by actual structural engineering professionals, Figure 5.1 proves that 
nearly half of the offices surveyed are devoting moderate or less effort to the checking 
of the results of computer analysis and design software. This fact validates the author's 
concerns about the free and blind reliance on computer software to solve engineering 
problems. 
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Figure 5.1: EHort Spent on Checking the Results of Computer Software 
Chapter 6: Methods of Checkina the Results of Com~uter Analvsis 
and Desian Proarams 
The data output that results from running a computer analysis or design program 
can be very overwhelming. With large projects, the engineer is flooded with information 
on stresses, forces, displacements, and other parameters that define structural 
behavior. The engineer is then faced with the daunting task of deciding what data is 
necessary for the specific design or analysis project and what extent of verification of 
the results should be performed. Although it is difficult to determine the degree of 
verification that is required for a given project, there is at least a minimum level of 
checking that must be performed. [4] 
The degree to which the structural engineer should check the results of computer 
software depends on a number of factors, including: 
1 . scale of the project 
2. complexity of the project 
3. intended uses of the structure 
4. engineer's familiarity with the type of structure that is being designed 
5. type of analysis that was performed 
Deadlines and other pressures of the structural engineering industry should not limit the 
degree of checking. Since the goal and priority in structural engineering design is to 
produce a safe structure, the task of checking computer software results should be 
regarded and treated with as much attention and effort as the preparing of final design 
and construction documents. 
The survey that was conducted as part of the research for this paper explored 
the types of checks that are being used by consulting structural engineering offices. 
The results of the survey, shown in Figure 6.1, determined that some common methods 
include: 
1. spot-checking: 
inspection of randomly chosen or critical members with hand 
calculations to confirm the accuracy of the analysis or design 
visual inspection of graphical representations of stresses, 
forces, displacements, deflected shapes of structures etc.. . to 
check for inconsistencies 
checking for unusual or unexpected results 
2. static equilibrium checks: 
comparing the externally applied loads to the internal forces 
3. verification of dynamic analysis using simplified structural models: 
manual dynamic analysis of simplified models with less degrees 
of freedom and nodes, i.e. by lumping masses 
comparison of the frequencies of vibration and displacements 
given by the two models 
4. comparison to typical values, standards, or "rules of thumb 
5. visualization of structural behavior using graphical animations 
6. testing of the software on simple, standard structural systems with 
typical load types: 
to verify the performance and accuracy of the software under 
standard situations, i.e. simple frames, plates, trusses, etc.. . 
assumption can be made that if the program is working correctly 
under standard cases, it is also working for the design project in 
question 
7. manual calculations: 
performed on the actual structure or simplified models 
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Figure 6.1: Checks Performed by Surveyed Consulting Firms 
Modern high-tech structural engineering software include an extremely valuable 
feature that assists engineers in verifying the results of the computer analyses and 
designs that they petform. Graphical displays of the input and output data allow 
engineers to spot errors, inconsistencies, and unusual results very easily and much 
quicker than line-by-line checking of the data. Using such graphics, structural engineers 
can easily check the applied toads, assigned structural member properties, and the 
resulting displacements, stresses, forces, support reactions, and much more. [4] 
The implementation of methods 1,2,4, and 6 can be demonstrated with the use 
of SAP2000, a popular structural analysis and design package. Figure 6.2 illustrates a 
model of a 5-story frame with 12 R floor heights and 2-24 ft bays on each face. 
Figure 6.2: Model of a 5-Story Building Using SAP2000 
For simplicity, equal uniformly distributed loads of the following values were assigned to 
each beam: 
DL = 70 psf 
LL = 50 psf 
WDL = (70 p~f)(6 ft) = 420 plf 
WLL = (50 p~f)(6ft) = 300 plf 
(Note, that two-way action of the slab would produce load distributions that are different 
than what was assumed. However, this analysis is only meant to illustrate how 
computer results can be verified. Also note, that the self-weight of the members was 
neglected.) In order to check for the static equilibrium of the system (Method Z), the 
total vertical force that results from these applied loads was calculated as follows: 
Total number of beams = (12 beams/floor)(5 floors) = 60 beams 
Resultant force for each beam = [(I .2)(wDL) + (1 .6)(wLL)](24 ft) = 23.62 k 
Fy,,*= (60)(23.62 k) = 7477.2 k 
This vertical force due to the applied external loads can then be compared to the 
vertical reactions of the nine supports at the base of the structure. With the structure 
and loads assigned, the program can perform the analysis. The resultant vertical 
support reactions, given by the analysis (see Figure 6.3), are summed as follows: 
I 
ort emf t h k  
This check is the first step in determining that the structural model has been constructed 
properly. Further checks of the shear, moment, and torsion in the beams are also 
necessary to determine that the joint restraints have been defined correctly. 
Spot checking (Method 1)  and comparison to typical values, standards, and 
"rules of thumb" (Method 4) is facilitated in SAP2000 by graphical displays of input and 
output data. For example, the results for a single beam can be accessed by right 
clicking on that member. A convenient and easy to use graphical display appears, 
giving data on the shear, moment, torsion, and axial load in the member at a given 
point. For the member chosen and depicted in Figure 6.4, the shear and moment at the 
right support are as follows: 
V = 12.275 k 
M = -48.256 kt? 
- ------- ---- -- 
~Ggrarns for Frame Object 50 (W18X35) 
- 
Figure 6.4: Results of Structural Analysis for a Single Beam 
These values can be compared to approximate values given by the equations for 
continuous beams found in the ACI 3 18-02: Building Code Requirements for Structural 
Concrete code book. For example for an interior support, i.e. the right support for the 
beam in question, the shear and moments can be calculated as follows: [5] 
V = (1.1 5)(wu1,)/(2) = (1 .I 5){[(1.2)(420 plf) + (1.6)(300 plf)](24 ft)/(2)} 
= 13.579 k 
M = (-1 /9)(wul:) = (-1 /9){[(1.2)(420 plf) + (1.6)(300 plf)](24 ft)*} 
= - 62.976 ktt 
The program's value for shear and moment are within 10% and 25%, respectively, of 
the approximate values given by ACI 318-02 provisions. These equations give very 
conservative estimates of shears and moments. Therefore, it can be gathered that the 
program is working properly and that the results are consistent with what is expected 
from such a structure with the given loading. This example also illustrates the 
application of Method 6, i.e. the testing of the accuracy of the software with simple 
structural systems. 
Although quiet tedious and time-consuming, the checking of computer results is 
very beneficial and may lead to the discovery of a drastic error that would have 
compromised the structure if constructed. The survey also asked consulting offices if 
they had ever encountered inaccuracies in the results of computer programs, and if so, 
what caused those errors and how they were caught. Surprisingly, many of the firms 
involved in the survey have in fact observed such instances. Some of the reasons 
given for inaccuracies in computer results include: 
1. user errors in modeling structures: 
incorrect dimensions, loads, joint and support restraints, section 
properties, column unbraced lengths, syntax in data input files, 
etc.. . 
2. program errors in modeling certain systems: 
composite beams 
rigid diaphragms: the program being used resulted in zero axial 
forces in the beams and chords of the trusses that supported 
the slab 
3. bugs in the software/errors in the software's code: 
which in several cases where reported to the manufacturer 
resulting in refunds and/or corrections to the software 
The suwey concluded that the most common error associated with the use of 
computer software in consulting was error on the part of the user. This is actually quite 
fortunate, since this kind of error is easier to spot and correct than errors in software. In 
addition, the methods of checking computer results discussed above are successful in 
catching such user errors. 
Cha~ter 7: Other Com~uter Software Useful to Structural Enrrineers 
It is clear that the computer is the modern structural engineer's most valuable 
tool. It has been shown how computers are useful in completing the drafting, analysis, 
and design of all types of structures. However, the use of computers is not limited to 
these tasks. The daily work of structural engineers also involves performing manual 
calculations to check or compliment the results of computer programs, compiling 
analysis and design data into useable, clear formats, preparation of project reports, and 
communicating with clients, architects, and construction managers via e-mail. The 
personal computer and the programs that have been developed to assist professionals 
in their work have made the modern structural engineering office an efficient, 
resourceful, and specialized machine capable of completing more projects in a year 
then ever imagined possible even a couple decades ago. 
Once only thought to be a tool for accountants and off ice mangers, the 
spreadsheet has found its way into the work of structural engineers. Spreadsheet 
programs such as Microsoft Excel are capable of performing virtually any calculation 
required of an engineering project. The ease with which equations can be copied and 
altered makes the spreadsheet well suited for the repetitious calculations that are typical 
of all projects. Visualization of the results of such calculations is enhanced by Excel's 
graphing functions. In addition, tables can be constructed to calculate such things as, 
average superimposed dead and live loads for tributary areas, cumulative column loads, 
wind loads per story, and reinforcement in concrete members. Such tables can be 
saved onto the office's server to be used in later projects where necessary, improving 
its efficiency. 
Structural engineers can also find numerous applications for the technical 
calculation software MathCA D. Like the spreadsheet, MathCA D allows engineers to 
perform all of the routine calculations characteristic of every project and makes 
repetition a breeze. MathCAD is also capable of plotting results and performing 
iterations of calculations with its programming functions. Many structural engineering 
offices have adopted the use of this program because of its flexibility and ease to learn 
and use. Complete project reports can be completed using MathCAD because it also 
allows word processing as well. The major advantage of MathCAD is that it does not 
require knowledge of any difficult programming language. Data is entered and 
equations are typed, as they would be written if performing the calculations by hand. 
As with any profession, word processors such as Microsoft Word, are important 
in many structural engineering offices. Not only is it used to perform the clerical tasks of 
the off ice, but engineers can also find use in them when completing project proposals 
and project design reports. Skills in word processing cannot only give work a more 
professional appearance, but may also result in proposals that win project bids. 
Although it may not be as valuable to the average structural engineering firm as 
the above programs, presentation software such as Microsoft Powerpoint, can be quite 
useful as well. The occasion may arise where clients require project proposals to be 
accompanied by a presentation of an office's skills, past work, and proposed design. A 
well thought out and prepared presentation can mean all the difference and may build a 
firm's reputation as a professional, high-tech, and competent business. 
The possibilities of these software packages are truly endless and therefore, 
offices that are not taking advantage of their powers should consider implementing them 
into their everyday work. Their efficiency may have considerable effects on the time 
spent on projects, the number of projects that an office can complete in a year, and 
hence yearly profits. 
Cha~ter 8: Recent Innovations and the Future of Structural 
Enaineerina Computer Software 
With the growing complexity of modem structural engineering projects, there has 
been a need for more advanced drafting, analysis, and design programs. The 
manufacturers of structural engineering software have met this need with full force in 
recent years. The more advanced programs that are on the market today, allow the 
flexibility to model nearly any structure that can be imagined, making it easier for 
engineers to meet the needs of clients and architects. The modern computer programs 
have made it possible to build seemingly impossible structures, which could not even be 
dreamed of in the past. The major advances that have been made in the software 
available to structural engineers include the following: 
1 . modeling of advanced structural systems, i .e. composite sections, 
complex surfaces and geometries, etc.. . 
2. automatic cost-estimates 
3. links between structural engineering software and the CAM software 
used by manufacturing and distribution plants 
4. integration of drafting, analysis, and design software 
5. all-in-one drafting, analysis, and design software 
The above innovations in the capabilities of computer software can have major impacts 
on the work that engineers do as well as the construction of the buildings that they 
create. 
The ideal software will allow an engineer to model structures of any form. This 
proves to be very important when specialty structures, such as arenas, stadiums, 
convention centers, museums, and the like are concerned because it is in these types 
of .projects that architects typically wish to have as much freedom as possible for artistic 
expression. Unique architecture typically calls for an equally unique structural system. 
Many of the top software manufacturers of today have made efforts to meet this need 
with every new version of their programs. 
There are also software packages that have built-in cost estimators. Although 
this will never replace the need for professionals that develop detailed quantities-take- 
off calculations and cost-estimates, this function of design software can help engineers 
in optimizing their designs by determining costs for different structural systems. This 
can be most beneficial when it comes to developing project proposals to win bids for 
highly competitive projects. Future programs may include the ability to produce 
automatic construction schedules. 
The development of CAM software has truly streamlined the construction 
process. Structural engineering programs have been developed whose files can be 
easily imported into CAM software, integrating the design, manufacturing, and 
construction processes. This can lead to a more speedy construction and savings in 
costs for the client. 
Perhaps the most beneficial advance in software for structural engineers has 
been the development of analysis and design software that have drafting capabilities. 
Although until now these drafting functions are limited, future development in this area is 
certain. Many software manufacturers also have suites of programs with different 
functions, i.e. drafting, analysis, design, etc.. ., which can be utilized together, by 
exporting drawing files from one program to the other (see Table 2.1). In any case, 
many analysis and design programs allow importation of drawing files from AutoCAD or 
Microstation. However, the transferring of files between programs in this way has its 
problems. Therefore, development of fully integrated drafting, analysis, and design 
software is a key task for software manufactures in the future. The complete integration 
of the software that structural engineers use to complete their designs, as illustrated by 
Figure 8.1, will lead to a streamlined process that will improve the efficiency of the 
engineering business. Therefore, although it will likely always be necessary to use 
more than one program for the complete engineering project, i.e. drafting, analysis, 
design, scheduling, cost-estimation, etc.. ., the goal is to make the transition from one 
task to another as smooth as possible. 
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Figure 8.1: Full Integration of Structural Engineering Tasks 
As depicted in Figure 8.2, another goal of the future innovations in computer 
software is to fully integrate the work done by all entities involved in the planning, 
design, and construction of an engineering project. Structural engineering projects of all 
types involve a myriad of key players including, architects, structural engineers, 
construction engineers and manager, electrical engineers, mechanical engineers, 
interior designers, and many others. The work done by each of these groups affects 
and is in turn affected by the work of all other groups. Therefore, a system is needed in 
which the work done by the individuals of one discipline is quickly relayed to all other 
disciplines. In such a system, it will be possible to automatically update the work done 
by one group given the modifications proposed by another. For example, architectural 
changes will be seamlessly reflected in the drafting, analysis, and designs of all of the 
engineers involved in the project, eliminating one of the greatest flaws in the current 
system. This is most important in the conceptual design stage of the structural 
engineering process, during which the structural system is chosen and developed. The 
quality of the engineer's conceptual design depends on the amount, quality, and type of 
information that is provided by the architect. Clearly, whatever structural system the 
structural engineer decides to use for a given project depends completely on the 
structure's architecture. Therefore, there is a need for computer software that allows 
structural engineers to plan and arrange the structural system within a "building 
architectural context." [6] 
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Figure 8.2: Full Integration of All Disciplines Involved in Engineering Projects 
This may take the form of multi-disciplinary computer software, so that all entities 
involved in the project may use the same program. Another scenario may be the 
collaboration of manufacturers of software for different disciplines to create programs 
that are fully integrated. As with every other innovation before it, the complete 
integration of every discipline involved will result in a more efficient, cost effective, and 
timely project completion. 
Cha~ter 9: A~~l icat ion of Structural Enaineerina Com~uter Software 
in the Colleae Classroom 
In a world where time is money and in which modern structures demand 
increasingly more advanced analysis and more technical engineers, structural 
engineering off ices need employees with advanced computer skills. It is the belief of 
the author of this paper that the world's undergraduate and graduate engineering 
programs must reflect this ever-important characteristic of the modem engineering firm. 
An engineering education should prepare future engineers for work in the industry and 
expose students to the technology that they will devote much of their professional 
careers to utilizing. Such exposure will make the transition from the classroom to the 
off ice much smoother. 
Engineering students should be introduced to the impacts, roles, uses, and 
importance of computers in structural engineering practice very early on in their 
education. The first step should be a structural engineering drafting course, where 
students are taught the fundamentals of the preparation of structural drawings and 
specifications. This should be done with the use of drafting software such as AutoCAD 
or Microstation. Such a training, is beneficial for several reasons, including the 
following, 
1. Most employers prefer, or even require, entry-level engineers to have a 
solid background in drafting software. 
2. Engineering students will enter the workforce understanding how to 
read and prepare structural drawings, two skills that are not often 
learned in school. 
3. Drafting helps develop the modeling skills that are necessary for using 
the analysis and design software used for nearly every real-world 
engineering project. 
4. Engineering students will get an introduction to structural systems and 
learn how structural elements come together to create such systems. 
5. Such a course may get students more interested in future structural 
engineering courses and prepare them for such courses. 
The course should also expose students to drafting for structures of different types and 
materials. At this stage, most engineering students do not understand the number of 
different kinds of structures that an engineer can create. Exposure to the many 
categories of structures will open their eyes to the possibilities that their futures hold and 
to the exciting nature of the profession. 
The curriculums at most engineering programs, in the U.S. and abroad, are very 
similar. Typical courses offered in most colleges and universities include Statics, 
Dynamics, Strength of Materials or Mechanics of Materials, Structural Analysis, Steel 
Design, Concrete Design, Timber Design, Earthquake Engineering, Wind Engineering, 
Pre-Stressed Concrete, Foundation Engineering, Finite Element Analysis, as well as 
advanced levels of these courses. As any engineering student, past or present, can 
attest to, engineering coursework can become quite tedious and monotonous. 
Instruction in each of these courses can be enriched by the implementation of computer 
software. The graphical representations that the most common programs offer can aid 
in teaching engineering students about the behavior of structures under different 
loadings, framing systems, joint and support conditions, etc.. . Use of such programs 
will also make the course more interesting for the students because they will be able to 
visualize how structures work and gain satisfaction from knowing that they are doing the 
kind of work that they will be expected to do upon entering the profession. This is 
something that is not often accomplished by simply bombarding students with 
homework assignments. [7] 
It must be clarified however, that this discussion does not intend to promote the 
freeing of engineering students, and engineers for that matter, from understanding the 
fundamentals of structural behavior and design. The foundation of teaching in any 
course must be to instruct students on how structures and materials behave when 
loaded and how they are analyzed and designed with hand calculations. Such 
fundamentals are the basis of the high-tech computer software that structural 
engineering offices use in their daily work. Effort must be devoted to teaching students 
why the programs work, as well as the assumptions and limitations built into the 
programs. It is not sufficient to simply instruct students on how to use computer 
programs. This is a dangerous path to follow and will produce structural engineers that 
lack the technical skills that are needed to ensure the safety of our structures. 
Therefore, computer programs should be used as a teaching tool to complement the 
education experience, and not be the education experience itself. 
Education in structural engineering analysis and design software should 
introduce students to the essence of modeling structures and the loads that they must 
resist. This involves instruction on the basic elements and concepts common to most 
structural engineering programs, including, 
1. nodes 
2. drawing members 
3. local and global coordinate systems 
4. connection and support types 
5. degrees of freedom 
6. joint and support restraints 
7. types of loads 
8. material selection 
9. member selection 
1 0. types of analysis 
Since modeling on most computer programs is similar, gaining knowledge on these 
issues will help students learn new programs when they enter the profession. [7] 
This leads to the choice of computer software to use in the classroom. Although 
most programs are similar and petforrn similar tasks, there are programs that include 
special features that make them more user-friendly or technically superior to other 
software. Several suggestions have been made to assist colleges and universities in 
deciding which computer software to introduce into the classroom: [7] 
1. Choose a program that is applicable in several courses, so that new 
software does not need to be taught for each course. 
2. Choose a program that is actually utilized in professional practice. 
3. A program should be chosen that is user-friendly, efficient, and easy to 
learn. 
4. A program with a free or low priced demo or student version is most 
desirable, so that students can continue their training when they are 
off-campus. 
5. The program should have a well written and easy to follow reference 
manual. 
6. The chosen program should be very powerful and be able to perform 
well in the harsh environment of a student computer lab. 
The author of this paper suggests the following additional recommendations: 
1. The program should offer graphical modeling and visualization of the 
analysis and design results, in order to free students from having to 
learn difficult programming languages or syntax. 
2. The program should allow the freedom to work with several different 
types of st ructu res. 
3. The program should be flexible enough to allow the analysis and 
design of architecturally and structurally unique structures, to allow 
students to be creative and explore different possibilities for structural 
systems. 
4. A program should be chosen that provides clear, easy to read result 
outputs. 
It is also evident that the more practice students get with computer software, the 
better they will become at using them and the more prepared they will be for their future 
occupations. Therefore, ideally, each structural engineering course should require 
homework assignments andlor term projects that involve the use of computer programs. 
The most effective way to learn the theories behind structural engineering analysis and 
design is to actually analyze and design structures. Although often cumbersome and 
demanding at the time, students will gain much more from exposure to real engineering 
work then they will from reading textbooks and class notes. The structural engineering 
principles that can be clarified and expanded upon by using computer software include 
the following: 
1 . deflected shapes of structural systems 
2. load distribution in structures for different joint and support conditions 
3. connections 
4. modes of vibrations under dynamic loads (using animations) 
5. lateral force resisting systems 
6. unique structural systems 
7. structural behavior during construction 
8. construction sequences 
The theory behind the above principles is often complex. Thus, visual aids in the form 
of graphical representations of structural systems, loads, internal forces, stresses, etc.. . 
may help students immensely in grasping such theory. 
Clearly, a structural engineering education that incorporates computer software 
into several courses will be very beneficial not only to the students involved, but also to 
the profession as a whole. The colleges and universities of the world must adapt to 
meet the demands of the increasingly high-tech structural engineering industry. 
Conclusion 
Clearly, computers are invaluable tools in structural engineering practice. The 
benefits that they offer make the work done by engineers possible and allow them to 
best meet the needs and desires of their clients. The demanding and competitive 
industry in which structural engineers find themselves in today requires an efficient and 
effective business and design process, which is only achievable through the application 
of the appropriate computer software for each given task. The quantity of structural 
engineering software that is on the market is immense and the uses of such software 
are endless. However, although modern programs are high in quality, there is much 
room for improvement, mainly in their modeling and analysis capabilities, the full 
integration of the different programs that engineers use, the streamlining of the 
structural engineering process, and the linking of the work done by all entities involved 
in the design and construction of structures. 
The current state of the structural engineering industry demands computer sawy 
engineers with solid backgrounds and knowledge of the fundamentals of engineering 
theory and practice. While the computer has and will continue to provide an infinite list 
of capabilities and potentials, it has also produced a new set of concerns that cannot be 
neglected. The fears that computer programs may contain flaws, that they are used 
incorrectly and by the wrong individuals, that the results of computer analysis and 
design software are not being properly and adequately verified, and that computer 
technology has detached engineers from the principles that govern the science of 
structural engineering are real. 
These concerns have been validated by the survey of Structural Engineering 
consulting firms. The findings of the survey suggested several frightful trends in current 
structural engineering practice, most notably that the checking of the results of 
computer analysis and design programs is not being regarded as a crucial engineering 
task. Hence, this lack of attention to the certification that programs are functioning and 
being used properly may be resulting in the construction of structures that, unknowingly 
to the public, are unsafe and may fail under an unknown combination of loads. This is 
an extremely frightful thought that must be addressed further with additional research 
into current practice. The professional and legal responsibility that all engineers have to 
ensure that the structures that they design will be safe throughout a reasonably 
determined lifetime requires prudence in the use of computer programs. It is the intent 
of the author that this thesis highlights the critical role that computer-aided drafting, 
analysis, and design programs play in the structural engineering industry, the 
advantages and disadvantages of their implementation in professional work, and the 
need for further advancements in the capabilities of computer software. 
Awendix A: Survev 
The Role of Computer-Aided Draftina. Analvsis. and Desian Software in Structural 
Enaineerina Practice 
The following survey is part of the research for a thesis to be submitted as partial 
fulfillment of the requirements of the Master of Engineering program in High- 
Performance Structures at the Massachusetts Institute of Technology. The purpose of 
the survey is to gather information from structural engineering offices about the current 
use of CAD software in consulting. The issues that are being investigated include: 
annual company expenditures on software, licenses, and upgrades; the amount of time 
that structural engineers spend using CAD software per week; the tasks completed 
using computer software and who is performing those tasks; the specific software being 
used; and the checks performed on the results of CAD software. For the purposes of 
this survey, CAD is defined as any computer software that is used for the drafting, 
analysis, and design of structures. If you wish to remain anonymous, please answer 
"yes" to the final question of the survey. 
1. How many workers does your office employ? 
Less than 10 
10 to 20 
21 to 30 
31 to 40 
41 to 50 
51 or more 
2. What type of projects does your off ice typically work on? (Please select all that 
apply) 
Lowlmid-rise residentialloff ice buildings 
High-rise residentialloff ice buildings 
Transportation infrastructure (i.e. trainlbus station structures) 
Bridges 
Airports 
Government buildings 
Schools, Universities, Colleges 
StadiumslArenas 
Specialty Structures 
Other: 
3. What is your office's annual expenditure on new software, new licenses, or upgrades 
to software you currently own? 
Less than $1,000 
$1,001 to $5,000 
$5,001 to $1 0,000 
$10,001 to $15,000 
$1 5,001 10 $20,000 
$20,000 or more 
4. How many structural engineers does you office employ? 
5. How many drafters does your office employ? 
6. What percentage of the structural engineers in your off ice regularly use CAD 
software? 
7. How long is the average workweek for structural engineers in your office? 
35 hours 
40 hours 
45 hours 
50 hours 
55 hours or more 
8. Of those hours, how many are spent using CAD software? (For those structural 
engineers that use them regularly) 
10 hours or less 
11 to15hours 
16 to 25 hours 
26 to 35 hours 
36 hours or more 
9. How long is the average workweek for drafters in your office? 
o 35 hours 
40 hours 
45 hours 
o 50 hours 
55 hours or more 
10. For which of the following activities does your office use computer software? 
(Please select all that apply) 
o Drafting 
Structural Analysis: 
Static 
Dynamic 
Structural Design: 
Beams 
Columns 
Slabs 
Lateral Force Resisting Systems 
Frames 
Foundations 
Other: 
o "Manual" Calculations 
Report Preparation 
o Other: 
1 1. How much effort is put into conceptual design before utilizing computer software to 
produce the final design of structures? (Please rank using the following scale: 1 = very 
little effort, 5 = moderate effort, 10 = substantial effort) 
12. Is your off ice committed to a single software package or software manufacturer? 
Yes 
No 
13. If your answer to question 12 was yes, what is the main reason for this? (Please 
select only 1 of the following) 
Trust in the software and the manufacturer 
Software's reputation 
Investment of time required to learn new software and teach it to others 
"User-friendliness" of the software 
Special features of the software 
Other: 
14. What software packages does you off ice currently use? (Please select all that 
apply) 
Drafting Software: 
AutoCAD 
Microstation 
Revit Structure 
Others: 
Analysis and Design Software: 
STRAP 
ETABS 
SAFE 
SAP 
GT STRUDL 
RAM 
STAAD 
Strand 
SODA 
Visual Analysis 
Robot 
Larsa 
Prokon 
PCA suite 
RlSA 
SAFl 
Others: 
15. Who builds the structural models (i.e. the frame, joint restraints, supports, etc.. .) in 
your off ice? 
Senior level structural engineers 
Lower level structural engineers 
Technicians 
16. Who inputs the data (i.e. the loads) into the structural model? 
Senior level structural engineers 
Lower level structural engineers 
Technicians 
17. How much effort is put into checking the results of the computer software? (Please 
rank using the following scale: 1 = very little effort, 5 = moderate effort, 10 = substantial 
effort) 
18. How are the results of computer software checked in your office? (Please select all 
that apply) 
Spot-checking 
Equilibrium checks 
Verification of modal analysis using simplified structural models 
Comparison to typical values, standards, or "rules of thumb 
Other (Please explain): 
19. Has your office ever experienced inaccuracies in the results of computer software? 
If so, can you please explain the incident? Was the inaccuracy due to bugs in the 
software, errors in the software's code, or errors in modeling? How did you catch the 
error? (It is not necessary to include the name of the software) 
Yes: 
20. Do you wish to have your responses remain anonymous? 
Yes 
No 
Additional Comments: 
If you have any questions about this survey, please contact Adrian De Los Reyes, by 
phone at (305) 962 - 5124, or by e-mail at adlr@mit.edu. 
Appendix B: Examination of the Draftinq. Analvsis. and Desiqn of 
Complex Structures Usina Computer software 
[81 
The benefits of the use of computer programs in structural engineering projects 
are best illustrated by investigating the use of software f the drafting, analysis, and 
design of complex structures. For this purpose, two structures will be considered. Both 
structures and the design work that follows are part of a design project completed as a 
requirement of the Master of Engineering in High-Performance Structures program at 
the Massachusetts Institute of Technology. The project, completed by five graduate 
students, entailed the planning and design of a proposed development in Boston, MA 
called The Columbus Center, in the cities South End. The development, illustrated in 
Figure B. 1, consists of four "parcels of land" that span over the Massachusetts Turnpike 
and several Amtrak train lines. Therefore, the main design challenge was that of 
designing structures that could span across the nearly 300 ft gap. The project is one of 
the first approved air rights projects in Boston, MA. The Columbus Center, when 
completed, will enrich the city with innovative and elegant structures on each of the four 
parcels. 
Figure B. 1: Aria1 View of Columbus Center (Courtesy of Google Earth) 
The final proposal submitted by the team of MEng students included the design 
for two structures. The first is a low-rise building that is completely suspended from a 
series of crossing arches that span across the Mass Pike and train lines. The second is 
a diagrid high-rise building that was designed to span across the gap without the use of 
arches, trusses, or any other long-span system. The discussion that follows is intended 
to illustrate how computer programs were used in every stage of the design of each 
structure, including drafting, structural system visualization through architectural 
rendering, structural modeling and analysis, structural design, and optimization. 
B.l: Cross-Arch Suspended Buildinq 
Figure 0.2 is a rendering of the final design of the low-rise building that was 
designed as part of the MEng project described above. Many of the components that 
make up the structural system of the 6-story building are clearly visible. It is the 
intention of the following section that the reader gets a sense of how different computer 
programs can be incorporated into a single design and how use of such programs can 
be applied to nearly every stage of a design project. 
Figure 8.2: Rendering of Cross-Arch Suspended Building 
B.1 .I :Description of Structural Svstem 
Foundations: 
The foundation for this structure, as pictured in Figure B.2, will consist of a grade 
beam running the entire length of the support area, spanning between caissons, piles, 
or drilled shafts under each arch. In the case of this project, the kind of foundation will 
likely be chosen based on constructability and material transportability considerations. 
Arches: 
The Cross-Arch Suspended Building is unique and innovative, both in its 
architectural appearance and in the structural system that makes its elegance and 
beauty possible. Clearly, the most critical and significant architectural and structural 
elements in the building are the arches that form the graceful slopes of the glass 
faqade. The arches, as shown in Figure 8.3, are subdivided into three groups: the 
central group of arches with a height at mid-span of 100 ft, the two intermediate groups 
of arches with a height at mid-span of 75 ft, and the two outer arches with a mid-span 
height of 50 ft. The crossing arrangement chosen for the arches provides the structure 
with substantially more lateral stability then the structure would have with parallel 
arches. The arches, therefore, must be designed as both the primary gravity and lateral 
load resisting systems for the structure. 
Figure 8.3: Rendering of Arches 
Hangers: 
The second most critical elements of the structure are the diagonal and vertical 
hangers, visible in the renderings shown below. These structural components are the 
primary means of transferring all of the floor loads to the arches. Diagonal hangers, as 
pictured in Figure 8.4, are located on the exterior of the building and support exterior 
girders on the third, fourth, fifth, and sixth floors. They are supported either (a) directly 
by an arch or (b) by another diagonal hanger. The diagonal hangers in turn support 
vertical hangers that drop from the point of connection of the exterior girders and 
diagonal hangers. The vertical hangers are supported either (a) directly by an arch (see 
Figure 8.5) or (b) by a diagonal hanger (see Figure 6.6). The vertical hangers in turn 
support girders as well (see Figure B.6). 
r 
Figure 8.4: Rendering of Diagonal Hangers 
Figure B.5: Rendering of Vertical Hangers Supported Directly by an Arch 
Figure B.6: Rendering of Vertical Hangers aupporrea oy Diagonal Hangers 
Horizontal Struts: 
As mentioned above, the third, fourth, fifth, and sixth floors have exterior girders 
that are supported by diagonal hangers. These diagonal hangers require bracing in the 
form of struts to resist the horizontal reactions that form at the exterior girder-diagonal 
hanger connections. Therefore, a series of horizontal struts are located in the plane of 
the third, fourth, fifth, and sixth floors to provide horizontal support for the diagonal 
hangers. 
Floor Framing: 
The framing of each floor is also a unique and structurally innovative aspect of 
the building. The basic philosophy behind the system chosen was to eliminate the need 
for transfer girders. Therefore, a uniform grid of perpendicular girders and floor beams 
was quickly ruled out because the arches, which support directly or indirectly every 
hanger in the structure, are not themselves perpendicular to one another. The grid 
consists of concentric, but non-circular, 'rings" of girders formed by the perimeters of 
each floor. The exterior girders of one floor become the interior girders of the floor 
below it. Each floor has one "ring" of exterior girders and one 'ring" of interior girders for 
each floor above it. Thus, the first floor is composed of one "ring" of exterior girders and 
five "rings" of interior girders, one for each floor above it. This eliminates the need for 
transfer girders because not a single hanger is supported by a girder within its span. 
From the connection point of each exterior girder and diagonal hanger begins a 
new vertical hanger. Thus, each "ring" of interior girders is supported by vertical 
hangers that drop down from the girders above that "ring". All lines of vertical hangers 
are continuous from start point to the first floor. 
Floor beams span between the girders and support the composite steel and 
concrete deck. Therefore, the floor beams could be designed for composite action with 
the deck system, providing a more efficient structural system. The framing plans of 
each floor are provided in following section. 
B. 1.2: Draftina and Architectural Rendering 
All of the above figures were created using the drafting software AutoCAD 2006. 
These figures illustrate a key and often much neglected capability of drafting software, 
architectural rendering. Renderings can often assist the structural engineer in 
visualizing the structural system, when simple wire-frame drawings do not display the 
structural system adequately. Complex structures, like the one described in this 
section, contain far more structural members then the average building and therefore, 
the three-dimensional structural models that are created for either visualization or input 
into analysis and design programs become far too cluttered and confusing. The wire- 
frame drawing, shown in Figure B.7, illustrates this point. Without the renderings given 
in the beginning of this section, someone who is not familiar with this project would have 
a hard time understanding the structural system from this unclear, perplexing model. 
Figure 8.7: Wire-Frame Model of Structure Composed Using AutoCA D 2006 
With the structural system modeled in this 3D form, the drafting for this project 
could be commenced. In fact, ideally, drafting could begin and continue as the 
structural analysis and design of the project progresses, with changes made to the 
drafting along the way to reflect the work done by the structural engineer. In this case, 
AutoCAD 2006 was also used to organize and prepare structural framing plans and 
connection details. These drawings are given below in Figures B.8 through B. 19. 
Figure 8.8: First Floor Framing Plan 
Figure B.9: Second Floor Framing Plan 
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Figure B. 1 I: Fourth Floor Framing Plan 
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Figure B. 12: Fifth Floor Framing Plan 
Figure B. 13: Sixth Floor Framing Plan 
Figure 8.14: Vertical Hanger-Arch Connection Detail 
Figure B. 15: Vertical Hanger-Girder Connection Detail 
Figure B. 16: Diagonal Hanger-Girder Connection Detail 
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Figure 8.17: Composite Floor Detail 
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Figure B. 18: Beam-Girder and Girder-Girder Connection Detail 
Figure B. 19: Arch Segment Connection 
B. 1.3: Structural Modelinq and Analvsis 
Structural modeling and analysis are one of the most powerful and valuable 
applications of computer software. The modeling and analysis tools of the best 
structural engineering computer programs allow the user to input any structural 
geometry and numerous kinds of loads to be resisted by that structure. The output 
provided after the analysis is run are the stresses in each member that must be resisted 
to create a stable structure. In the case of the Cross-Arch Suspended Building, the 
wire-frame that was created using AutoCAD 2006 for the purposes of producing 
rendered drawings and framing plans, was also the structural model that was exported 
into the structural analysis and design software, SAP2000. Something to note is that 
structural analysis and design programs, like SAP2000, have graphical interfaces that 
allow construction of a 2D or 3D model. However, the modeling capabilities of most 
structural engineering programs do not hold a candle to those provided by strictly 
drafting programs, like AutoCAD and Microstation. Complex structures, as the ones 
included in this discussion, are very difficult to model in SAP2000, and comparable 
software, and therefore, should be drawn using drafting programs and then imported 
into the analysis and design program. Complex structures, inherently, do not have 
uniform floor plans or exteriors. Since modeling on SAP2000, and other similar 
programs, is done using grid points and members can only be drawn between grid 
points, SAP2000 was clearly not the ideal program for developing a structural model. 
However, for simpler structures with few nodes and symmetry, the model is best done 
directly on the structural program to avoid the exporting problems that will be discussed 
next. 
The first caution in the use of analysis and design programs is now apparent. 
Exporting files from one program to the other can pose some major problems, one 
being that of units. The modeler must be sure to verify that the units used in the 
program in which the wire-frame was created, in this case AutoCAD 2006, match those 
set in the analysis and design program. For example, in the course of completing the 
MEng project from which this structure was obtained, the design team on several 
occasions found that the models that they were working on in SAP2000 were 12 times 
larger than they should have been. This simple mistake occurred when importing the 
AutoCAD 2006 wire-frame into SAP2000. Since drawing were composed in AutoCAD 
2006 using inches as the primary unit, the drawing elements must be imported into 
SAP2000 in the same units. 
When the wire-frame was imported into SAP2000, each member was assigned 
section and material properties. All hangers and arches were assigned round sections 
and all girders and floor beams were assigned W-sections. Next, support restraints 
were defined. All hangers were restrained to only carry axial load and floor beams were 
released from carrying end-support moments and axial load. Girders were allowed to 
resist end-support moments, but not axial forces. Clearly, the horizontal struts were 
modeled to only resist axial forces. Finally, the arches were given no restraints. The 
complete structural model is illustrated in Figure 8.20. 
Figure 8.20: SA P2000 Structural Model of Cross-Arch Suspended Building 
Of key concern when assigning end support restraints and releases for each 
member is being consistent. For example, in the case of the structure being analyzed 
here, all tension members should be released from resisting any moments or shears. 
Simply supported beams should be released from resisting end-support moments. 
Beams and girders, if desired, should be released from taking axial forces. Any 
variation from this consistency will give incorrect results. In a symmetric structure with 
symmetric loading, such as this one, the restraints for identical members must be 
identical. This will ensure a symmetrically stressed structure. 
In addition, in SAP2000, as may be the case with other programs of the same 
quality, for a given joint at least one member must be completely fixed to that joint. For 
example, at the point of connection of girders and hangers, at least one of the girders 
must have a fixed connection, i.e. no releases at that joint. Figure 8.21 and Figure 8.22 
illustrate this point. 
Figure 8.21: Incorrect Frame Member Restraints 
Figure 8-22: Correct Frame Member Restraints 
Another key problem to keep in mind in the modeling phase is that misplaced or 
floating joints can result in major errors in the subsequent analysis. Figure 8.23 shows 
the connection of several elements, in which the joints do not match. Therefore, as far 
as the program knows, these members are not connected and the analysis will result in 
errors and stability problems at this joint. 
Figure 8.23: Disjointed Frame Members 
To correct this problem, SAP2000 has a merge command and an align 
command. The merge command will unite nearby joints given a particular tolerance 
value, say four inches. Therefore, if tl joints selected are within four inches, they will 
become one joint. As dc - cted in F 3 1 ?4, this in effect connects the members at 
. - 
the joint. 
Figure 8.24: Properly Merged Frame Members 
. a .  
The align command moves the joint of one member to the nearest line element. This 
corrected any instances in which the exterior girders, when drawn in AutoCAD 2006, did 
not connect to the arches. In Figure 8.25, two exterior girders that must intersect the 
arch clearly do not. The align command corrected this mistake in the wire-frame (see 
Figure 8.26). 
Figure 8.25: Unaligned Frame Members 
Figure 8.26: Properly Aligned Frame Members 
With all sections, material properties, and joint restraints assigned, loads could 
be applied to each member. For the structure studied here, uniform loads, i.e. the 
yellow colored lines in Figure 8.27, were applied to the floor beams. The applied loads 
can be displayed by type, i.e. dead, live, wind, seismic, etc.. .One major error to avoid 
when applying loads is entering incorrect units. Incorrect units may cause the structural 
system to fail when analyzed. If for example, the units for forces on the modal are set 
as kips and values for loads are entered as if in pounds, the stresses in each member 
will be 1 000 times larger than reality. If careless, one may think that the structure is 
failing because of some other mistake, such as joint issues, when in actuality the 
problem is as simple as a modeling error. 
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Figure 8.27: Loads Applied to Cross-Arch Suspended Building 
The next step is to specify all load cases and combinations that are to be 
included in the analysis. Finally, the analysis is run. The results of the analysis can be 
displayed in two ways: on the global scale, i.e. representations of the behavior of the 
entire structure, or on the local scale, i.e. a detailed output of the results for an individual 
member. The figures below illustrate both scales. The analysis will provide all stresses 
that will be used in the final design stage of the project, i.e. axial forces, shears, bending 
moments, and torsions. Deflections are also calculated during the analysis step. 
Figures 8.28 through 8.31 are graphical displays of the distribution of forces and 
stresses on the entire structure. Figures 8.32 and 8.33 are graphical displays of the 
forces, stresses, and displacements in the critical segment of the central arch. 
Figure 8.28: Distribution of Moments 
Figure 8.29: Distribution of Shear Forces 
Figure 8.30: Distribution of Axial Forces 
Figure 8.3 1: Distribution of Torsion 
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Figure 8.32: Axial Force and Torsion in Critical Arch Segment 
Diqgams for Frame ObHct 1371 (ARCH5lTX4lN) I 
Figure 8.33: Shear Forces, Moments, and Deflections in Critical Arch Segment 
B. 1 -4: Structural Desian 
With the analysis complete, SAP2000 is ready to perform a detailed structural 
design of the entire system. During this process, the program compares the design 
stresses and forces to the capacities of the sections that were previously assigned to 
each structural member. The results are given in several forms. First, SAP2000 
displays a colored scale that illustrates if a member passed or failed the design. As 
Figure 8.34 shows, members that are colored red failed, all those not colored red 
passed and are adequate sections to resist the applied loads. Therefore, all colors 
other then red denote sections that have a load to capacity ratio less than 1 .O. The ratio 
becomes smaller the farther left it appears on the scale. Thus, members shown in cyan 
have a load to capacity ratio less than 0.5 and members shown in orange have a load to 
capacity ratio that is between 0.9 and 1 .O. 
Figure 8.34: Load to Capacity Ratios 
In addition, the user can obtain a detailed design report for each member by 
simply clicking on one. The report will display whether the member failed and the 
reason, as well as all design stresses, capacities, and the corresponding load to 
capacity ratios. The figures below show the load to capacity ratio (see Figure 8.35) and 
the design output file (see Figure 8.36) for the central arch's end segment. The ratio for 
the end segment of the middle arch in the figure is 0.234 (see Figure 8.35). Therefore, 
if needed or desired, this section's size may be reduced, for optimization purposes. 
Figure 8.35: Load to Capacity Ratios for End Segment of Central Arch and 
Surrounding Members 
Data AISC-LRFD93 
Figure 8.36: Design Output File for End Segment of Central Arch 
Given each members load to capacity ratio, the structural engineer can now do 
two things: choose new sections for those members that failed, and optimize the design 
for those members that had a low ratio. In this way, the structural engineer can tailor 
the design to his or her own standards and engineering judgment. Therefore, although 
SAP2000 and other programs like it are quite easy to use, engineering knowledge is not 
left behind. Rather, the user's structural engineering knowledge must compliment the 
power of the program. The program does as it is told and must not be thought of as a 
"black box" that engineers buildings. The program merely crunches numbers and 
pelforms calculations that would either be too difficult or too time consuming for the 
enginee~ to do by hand. 
8.2: Diaqrid Hiqh-Rise Buildinq 
Figure 8.37 is a rendering of the 40-story high-rise building that was designed as 
part of the MEng project described earlier. The most prominent structural and 
architectural feature of the structure is the exterior diagrid. The major design challenge 
was that of building a high-rise structure that was to span across nearly 300 ft of open 
space, without any intermediate supports, and with very little space for foundation 
supports on either side of the span. This challenge was met by designing a diagrid 
system that was itself stiff enough to span the entire gap of the Massachusetts Turnpike 
and train lines. As will be seen, this structure underwent quite a transformation before 
the final form was reached. This evolution focused on the shape of the diagrid mesh. 
This example is included to illustrate how computer programs can be utilized to optimize 
a design and keep records of previous trials and test designs. 
Figure 8.37: Rendering of Diagrid ~lgn-hrse Building 
8.2.1 : Descri~tion of the Structural Svstem 
The Diagrid: 
The diagrid form of structure is very interesting and innovative. Although there 
are few buildings like it in existence throughout the world, the structural system has 
been gaining popularity in recent years because of its inherent efficiency, both in cost 
and structural behavior. The main structural element of such a system is the exterior 
faqade of the building, which works to resist both lateral and vertical loading. Thus, two 
structural systems are combined into one system that acts as the main load resisting 
mechanism for the entire structure. The basic philosophy behind the diagrid is to 
transfer all interior loads, by way of transfer girders, trusses, or membrane action, to the 
outer walls, which consist of a mesh of diagonal and horizontal members. These 
members carry the loads mainly in axial compression and tension down to the 
foundation. In the same way, lateral loads are resisted by the mesh of members, acting 
in a way similar to shear walls, and carrying the loads down to the foundation. 
Therefore, the diagrid system can be viewed as a column of tubular cross-section, with 
all vertical loads acting on the tube walls, and all lateral loads resisted by the tube walls 
perpendicular to the direction of loading, by bending action. As is clear from the figure 
above, the particular diagrid that is discussed here does not have a uniform mesh 
arrangement. This is because the parcel of land on which the structure will be built 
provides very little space for support, i.e. foundations. Therefore, it was required that 
the diagrid mesh be organized it such a way that the loads be funneled to three 
triangular areas at the base. This gives the diagrid faces the unique open triangular 
spaces at the base of the structure. As will be seen, a major evolution occurred before 
arriving at this final diagrid mesh. 
Floor Framing: 
The MEng team that designed this structure decided on a flooring system that 
was composed of a series transfer trusses at regular height intervals. This system 
would allow transfer of the interior loads out to the diagrid system to take advantage of 
its stiffness. This also allowed for more open spaces in the interior of the structure, a 
much-praised architectural feature in any building. Therefore, each system of trusses 
was designed to carry five floors, with the largest truss having a depth of two floors. 
SAP2000 was used to develop several floor framing systems as shown in Figure 8.38. 
The first is a unique system in which cables would support the trusses as a way of 
transferring the floor loads at more then just the two ends of the trusses. This idea was 
abandoned because of stability concerns, construction issues, and architectural issues. 
The second floor framing plan consists of a series of trusses that span between the 
diagrid walls. It was a more desirable idea; however, it consists of two trusses of very 
long spans. The final, chosen framing plan also consisted of a series of trusses. 
However, in this plan, only one truss is exceptionally long and the other is replaced with 
shorter, shallower trusses that span from the long, deep truss to the diagrid wall. Such 
a system allows for transfer of truss loads to more points along the diagrid walls. This 
explanation illustrates how simple structural models and renderings can assist a 
structural engineer in arriving at an adequate system before analyzing a single system 
structurally. Clearly, each of the first two systems could have been analyzed and 
designed using SAP2000 as well. However, much time is saved by intuitively 
eliminating them after comparing the three renderings. 
Figurg, 838: Options - for , Floor Framing , ,- . 
8.2.2: Desian Optimization (Structural Modelina, Analvsis. and Design) 
Design optimization is likely the most powerful feature of structural engineering 
computer software. It provides the flexibility that enables the experienced, intelligent 
engineer to design the most efficient structural system possible, given the design 
constraints. Although more difficult, time consuming, and tedious, the fine-tuning of a 
structural design will eventually lead to savings in construction time, costs of 
construction, and material usage. The discussion below illustrates how SAP2000 was 
utilized to optimize the designs of both the diagrid and floor framing systems for the 
high-rise building. 
The Diagrid: 
As mentioned above, the MEng design team had the challenge of supporting a 
40-story building on limited foundation supports. As is clear from the aerial photograph 
of The Columbus Center project area given in Figure 8.39, the diagrid will be built on 
the triangular shaped parcel on the far left. 
Figure 8.39: Aerial Photograph Highlighting Site of Diagrid High-Rise Building 
(Courtesy of Google Earth) 
The parcel provides a continuous support on the northern side, but only a 
triangular shaped footprint, with 30 ft sides, for support on the southern side. The 
evolution of the diagrid mesh was lead by this foundation constraint and architectural 
considerations. 
The design team began by considering a uniform diagrid face with a continuous 
support, as the one shown below. Since this arrangement only works for the back wall, 
the team began considering the problem of channeling the structure's loads to a single 
point. When this model was run, it was shown that the demands on the diagrid 
members and the foundation were far too large. The realization that the diagrids do not 
need to terminate at a single point, but rather that there is a triangular shaped support 
area to work with, sparked the next three diagrid ideas. The models shown in Figure 
8.40, ilustrate the attempt to funnel the loads more efficiently near the foundation 
support, so that more diagonal members share the load and transfer it to the foundation. 
Figure 8.40: Evolution of Diagrid (I)  
The structural analysis that was run on SAP2000 proved that the fifth mesh was the 
best arrangement of those attempted thus far, because the most critical member was 
loaded less then for the previous four trials. 
All of the first five diagrid mesh models were characterized by straight lines of 
diagonal members, i.e. a mesh of parallel and collinear diagrid members. It was 
believed that this was not the most appealing arrangement architecturally, and that 
there may be a more structurally efficient system as well. This notion lead to the 
evolution shown below in Figure 8.41. 
Figure 8.41: Evolution of Diagrid (2) 
This figure shows the attempt to have curved diagonal members that form a mesh of 
continuous curved lines. The problem with such a mesh was that the beams formed by 
uniting the intersection points of the curved diagonals were not collinear or horizontal. 
Several more trials resulted in a mesh of straight diagonal segments that appeared to 
form curved lines. The structural analysis that was run on the final arrangement proved 
that it was more efficient then each of the previous nine trials. It was decided that 
although there is a continuous foundation support for the back wall of the structure, for 
aesthetic reasons all three sides of the structure would have the same mesh 
arrangement. Figure 8.42 illustrates the 3 pieces of land on which the building will be 
supported. 
Figure B. 
Floor Framing System: 
The evolution of the trusses was also quite interesting and illustrative of the 
powers of design optimization using computer software. Figure 8.43 illustrates the 
design of a one story Pratt truss with a central Vierendeel bay. 
Figure 8.43: One-Story Pratt Truss with Central Vierendeel Bay 
Before arriving at the final member sizes, optimization procedures fine-tuned the design 
by changing member sizes given the load to capacity ratio that SAP2000 provided as 
the design output. Given the final member sizes that were chosen the analysis and 
design resulted in a weight of 798 lbs/ft for the truss. A second analysis was run for the 
same truss with the diagonal members removed to determine if a true Vierendeel truss 
system would work for the loads and spans to be resisted. The Vierendeel truss is a 
much preferred truss system because it allows for more open spaces without the 
interference of diagonal members. The subsequent analysis, design, and optimization 
resulted in a truss with a weight of 872 lbs/ft. Figure B.44 shows the Vierendeel truss 
that was analyzed and designed. 
Figure 8.44: One-Story Vierendeel Truss 
Therefore, it could be proven that the Pratt truss would weigh 74 Ibslft less than a 
Vierendeel truss of the same length and depth given equal applied loads. This 
information could be utilized by the client to determine whether the architectural benefits 
of eliminating diagonal members on the trusses outweighed the additional cost of using 
Vierendeel trusses. 
The design of a two-story truss was characterized by a similar evolution. Figure 
8.45 shows a two story Pratt truss, whose final design gave a truss that weighed 1185 
I bslft . 
Figure 8-45: Two-Story Pratt Truss 
A subsequent analysis was run to determine if a true Vierendeel truss would work given 
the loads and geometry. It was shown by a SAP2000 analysis that a true Vierendeel 
truss could not be designed to resist the loads applied. Figure 8.46 illustrates the 
modified Pratt truss with two central Vierendeel bays. 
Figure 8.46: Two-Story Pratt Truss with Two Central Vierendeel Bays 
The final design of this truss system resulted in a truss that weighed 1365 lbslft, 180 
Ibslft more than the traditional Pratt truss. Again, the client could now make an 
informed decision on whether to stick with the less costly Pratt truss, or choose 
aesthetics over cost, and select the modified Pratt truss system with Vierendeel Bays. 
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